Abstract: Breeding linseed (Linum usitatissimum L.) using haploid techniques allows breeders to develop new cultivars in a shorter time period. Many research groups successfully created new linseed genotypes through anther culture; however ovary culture has been the subject of only a few earlier studies. In the present study, the effect of genotype and growth regulators combination on callus induction and shoots regeneration in ovary culture of nine commercially important linseed cultivars was investigated. Ovaries were cultured on modified MS medium supplemented with three different combinations of plant growth regulators. Variable callogenic responses were expressed by all of the genotypes tested on different induction media. The results suggested that specific combination of growth regulators for callus induction must be designed for each genotype. Shoot regeneration from ovary derived callus is a critical phase of the whole gynogenetic process. Differences in adventitious shoot formation frequency among genotypes were demonstrated and four responsive genotypes have been selected. Ovary derived callus from cultivar 'Mikael' manifested the highest adventitious shoot formation frequency with a high number of shoots per explant. The optimum ratio of growth regulators for shoot regeneration was shown to depend on the genotype. Cultivars 'Linola', 'Mikael' and 'Szaphir' showed the highest shoot regeneration frequency when callus had originated on induction medium supplemented with 2 mg L −1 BAP and 2 mg L −1 NAA, while combination of 1 mg L −1 BAP and 2 mg L −1 IAA promoted shoot formation in ovary-derived callus of 'Barbara'. The highest rate of shoots per explant has been obtained in second subculture.
Introduction
Linseed (Linum usitatissimum L.) is a significant oilseed crop in many regions of the world, particularly in cool temperate environments (Millam et al. 2005) . It is a dual-purpose crop, a source of oil and fibre. Breeding of linseed, which is practiced in many countries of the world, even nowadays is a long and complicated process, based on interspecific hybridization and selection of the best plants, therefore the development of genetically stable lines takes a very long time -10-12 years (Chen et al. 1998) . Rapid breeding techniques could help in producing new linseed lines such as those resistant to pathogen infection and/or with increased productivity (Rutkowska-Krause et al. 2003) . Haploidy has long attracted the interest of linseed breeders and geneticists because breeding linseed using haploidy techniques has the advantages of rapid development of completely homozygous lines and efficient means of genotypic selection (Friedt et al. 1995) . In addition, doubled haploid populations are ideal for genetic research, such as genetic segregation analysis and genome mapping (Chen et al. 2001) . Haploids can be obtained by selective elimination of chromosomes in a hybrid embryo, by using male sterile plants for hybridization, by induced androgenesis and by induced gynogenesis (Pretova et al. 2006) . The production of doubled haploid plants in anther culture of linseed/flax has been improved significantly by optimizing donor plant growth conditions (Rutkowska-Krause et al. 2003) , explant pretreatment (Chen & Dribnenki 2004) , culture temperature treatment (Obert et al. 2004 ) and medium compositions (Chen & Dribnenki 2002) . The first report on gynogenesis in flax was reported in 2003 (Bartosova et al. 2003) . However gynogenesis has been not investigated as thoroughly as androgenesis; therefore a little data are available for the factors influencing organogenesis from ovary culture in flax. Identification of responsive genotypes and development of efficient culture protocols are the prerequisite to initiate effective doubled haploid programs. Therefore, the objectives of this study were: (1) to evaluate the ovary culture response of nine linseed genotypes, (2) to determine the effect of growth regulator combinations on callus induction and shoot regeneration in ovary culture.
Material and methods
The experiments were carried out with the following lin- Harvested buds were surface sterilized in 70% ethanol for 1 min, then in 2% sodium hypochlorite for 10 min and rinsed three times with sterile distilled water. The ovaries were inoculated onto a plastic Petri dish containing 15 mL of modified MS induction medium (NH4NO3-165 mg L −1 ) (Murashige & Skoog 1962) with different combinations of cytokinin and auxin (2 mg L −1 6-
6-benzylaminopurine (BAP) + 2 mg L −1 indole-3-acetic acid (IAA)) and incubated at 25
• C in the dark. All media were supplemented with 6% sucrose and solidified with 0.6% agar. Every 4 weeks the calli were subcultured to fresh medium and were maintained at (27/24
• C day/night) under a 16 h photoperiod, at a light density of 50 µmol m
A complete randomized design was used for all experiments. For each treatment 120 ovaries were cultured (10 ovaries/Petri dish; 12 replicates/treatment) and each experiment was done in triplicate. The number of ovaries producing calli has been scored at 28 days after initial inoculation. The percentage of ovaries with calli was calculated as the number of ovaries producing calli/100 inoculated ovaries. The shoot regeneration medium contained MS mineral salts and vitamins supplemented with 375 mg L −1 glutamine, 3% sucrose, 1 mg L −1 BAP and 0.6% agar. After organogenesis induction buds were cut and transferred to a shoot elongation medium containing MS mineral salts and vitamins supplemented with 3% sucrose, 0.001 mg L −1 NAA, 0.01 mg L −1 BAP and 0.6% agar. The percentage of callus forming shoots was calculated after each subculture.
The data of the investigations were calculated using the computer programmer STAT 1.55 from "SELEKCIJA" (Tarakanovas 1999 ) and ANOVA for EXEL, vers. 2.1. Mean value and SE for each genotype were calculated based on the number of independent replication.
Results and discussion

Callus induction
The beginning of callus formation of the tested genotypes was observed within three weeks after isolation of unpollinated ovaries. Results of the effect of growth regulator combinations on callus induction in nine linseed genotypes are summarized in (Chen et al. 1999; Rutkowska-Krause et al. 2003; Obert et al. 2004; Burbulis et al. 2005) .
The current study indicates that there is a strong genotype effect on callus production from ovary in linseed, and therefore specific combination of growth regulators must be designed for each genotype in order to elicit optimum results. Variability in callogenesis and Effect of genotype and medium on linseed (Linum usitatissimum) ovary culture differences in growth regulators necessary for callus induction in each genotype suggests that explants have different endogenous hormone levels.
Shoot regeneration
Shoot regeneration from ovary derived callus is a critical phase of the whole gynogenetic process. Meristemic zones formation was observed within 2-3 weeks after transferring the callus on regeneration medium ( Fig. 2A) with adventitious bud formation occurring shortly thereafter (Fig. 2B) . One of the factors affecting the efficiency of regeneration from ovary derived callus is the plant genotype.
Only four linseed genotypes, out of nine genotypes examined for shoot regeneration ability, showed shoot formation (Table 1) .
The frequency of shoot formation in responsive genotypes ranged from 8.89% in 'Barbara' to 78.33% in 'Mikael', whereas other tested cultivars did not exhibit any shoots. Among the many factors that may affect plant tissue culture responses, especially regeneration ability, genotypic difference is a primary one. ANOVA test showed that frequency of shoot formation is significantly affected by genotype (P < 0.01). This result indicated that shoot formation ability is genetically controlled. In our previous study we reported that cultivar 'Lirina' produced shoots in high frequency from antherderived callus induced on medium supplemented with 2 mg
BAP + 2 mg L −1 IAA (Burbulis et al. 2009a) . However the ovary-derived callus of this genotype did not form any shoots on the same medium. This indicated that there are differences between ovary and anther cultures response within the same genotype. Growth regulators combination in induction medium is another factor affecting shoot regeneration. Cultivars 'Linola', 'Mikael' and 'Szaphir' showed the highest shoot regeneration frequency when callus had originated on induction medium supplemented with 2 mg L −1 BAP and 1 mg L −1 NAA while combination of 1 mg L −1 BAP + 2 mg L −1 IAA promoted shoot formation in ovaryderived callus of 'Barbara'. In Linum usitatissimum it was reported that the combination of 1 mg L −1 BAP with 2 mg L −1 2,4-D in the induction medium dramatically improved organogenetic capacity of anther culture-derived callus in subsequently significantly increased the overall efficiency of regeneration compared with the combination of 2 mg L −1 BAP and 1 mg L −1 NAA (Chen et al. 1998) . In the present study, the combination of 1 mg L −1 BAP and 2 mg L −1 2,4-D in the induction medium significantly decreased shoot regeneration frequency in 'Barbara', 'Mikael' and 'Szaphir', and completely inhibited shoot formation from ovaryderived callus of 'Linola'.
In terms of the number of shoots produced per explants, the tested cultivars showed a high variation (Table 2). The highest rate of shoots per ovary-derived callus during the first culture was observed from explants of 'Mikael' on medium supplemented with 2 mg L The effect of subculture passages was also evaluated. The highest rate of shoots per explant has been obtained in second subculture.
The present results illustrate, that genetic background is important in callus induction and shoots regeneration of ovary culture in linseed, and therefore specific combination of growth regulators must be modified and optimized for specific linseed genotypes within each particular breeding program. Genotypic difference in ovary culture response has been previously reported in squash (Shalaby 2007) , cucumber (Diao et al. 2009 ), flax , linseed (Burbulis et al. 2007 ). In the present study the tested genotypes exhibited different regeneration responses. Ovaries of cultivar 'Mikael' gave the best results, maximum percentage of regeneration frequency and the number of shoots per explant reached 78.33% and 16.22 respectively.
In order to use ovary culture as a viable breeding tool, regeneration from most genotypes of interest with a reasonable rate of success would be essential. Therefore, our current efforts are focused in the following directions: 1) to improve the regeneration from the recalcitrant genotypes, 2) to optimize the system to overcome the problem of genotype-dependent regeneration by modifying growth regulators combination in the induction medium. The responsive cultivars identified in this study have been used as parents with agronomical desirable genotypes to produce F 1 hybrids for doubled haploid production.
